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Abstract 

The  kinetics  of  the  oxygen  reduction  reaction  (ORR)  was  studied  on  ultra  thin  layer  electrodes  formed  by  bimetallic  Ag-Co  nanoparticles 
dispersed  on  a  carbon  powder  (Ag-Co/C)  in  KOH  electrolyte.  The  morphological  features  of  the  materials  were  studied  by  transmission  electron 
microscopy  (TEM)  and  X-ray  diffraction  (XRD).  Cyclic  voltammetry  and  steady  state  polarization  measurements  for  the  ORR  were  obtained 
using  the  rotating  ring/disk  electrode  (RRDE)  technique.  TEM  measurements  for  the  bimetallic  Ag-Co/C  catalysts  showed  a  heterogeneous 
crystallite  size  distribution  and,  together  with  XRD,  suggested  the  presence  of  a  segregated  phase  of  cobalt,  mainly  as  C03O4.  The  characterization 
of  the  materials  by  XRD  also  showed  a  negligible  decrease  in  the  Ag  face  centered  cubic  (fee)  lattice  parameter,  which  was  ascribed  to  a 
negligible  Co  insertion  into  the  Ag  structure.  Levich  plots  obtained  from  rotating  disk  electrode  data  have  shown  a  higher  number  of  electrons 
for  the  Ag-Co/C  materials,  compared  to  Ag/C.  The  polarization  results  showed  higher  activity  for  the  ORR  on  Ag-Co/C  materials  in  comparison 
to  Ag/C. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Several  studies  have  been  done  aiming  to  increase  the  plat¬ 
inum  electrocatalytic  performance  for  the  oxygen  reduction 
reaction  (ORR)  [1-10].  Some  authors  have  reported  that  on  sev¬ 
eral  Pt  alloys,  such  as  Pt-V,  Pt-Co,  Pt-Cr,  Pt-Fe,  etc.,  there  is  an 
increase  in  the  kinetics  of  the  ORR  electrocatalysis  compared  to 
pure  Pt,  and  this  fact  has  been  attributed  to  changes  in  the  Pt-Pt 
bond  distance,  number  of  Pt  nearest  neighbors,  electron  density 
of  states  in  the  Pt  5d  band,  and  nature  and  coverage  of  surface 
oxide  layers  [2,4-8].  In  recent  work,  Nprskov  and  co-workers 
[11-14]  have  shown  that  the  catalytic  activity  of  different  metals 
can  be  rationalized  in  terms  of  the  energy  of  the  d-band  center. 
The  study  has  also  explained  the  activity  enhancement  for  the 
ORR  of  some  alloys,  such  as  Pt-Co,  based  on  the  lowering  of 
the  Pt-O-  bond  strength.  The  presence  of  the  Co  atoms  in  the  Pt 
lattice  structure  modifies  the  electronic  and  chemical  properties 
of  the  Pt  atoms  leading  to  a  down  shift  of  the  Pt  d-band  center, 
which  lowers  the  Pt  reactivity  and,  as  a  consequence,  decreases 
the  Pt-oxide  surface  coverage. 
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Despite  the  extensive  research  carried  out  aiming  at  per¬ 
formance  improvement  and/or  lowering  the  Pt  mass  content 
in  the  electrocatalysts,  the  cost  associated  to  this  material  is 
still  a  drawback  for  full  commercial  application  of  fuel  cells. 
Some  studies  have  been  done  trying  to  search  for  an  abundant, 
inexpensive,  stable  and  efficient  electrocatalytic  material  as  a 
substitute  for  Pt-based  oxygen  cathodes  [15-17],  In  this  context, 
carbon-supported  silver  particles  (Ag/C)  are  a  good  candidate 
for  application  as  the  catalyst  for  oxygen  cathodes  in  alkaline 
solutions  [  1 8-20] ,  such  as  alkaline  fuel  cells  and  metal/air  batter¬ 
ies,  this  is  because  its  relatively  high  activity  for  the  O2  reduction 
and  the  occurrence  of  an  ORR  mechanism  via  4-electrons. 

Silver  binds  oxygen  considerably  less  strongly  than  Pt.  So,  if 
the  d-band  center  position  of  Pt  is  close  to  the  optimum  [10],  then 
this  would  suggest  that  pure  Ag  is  less  active  for  O2  reduction 
than  Pt  just  because  the  weaker  Ag-02  interaction  makes  the 
breaking  of  the  0-0  bond  in  this  catalyst  more  difficult.  In  this 
way,  the  Ag  reactivity  or  Ag  d-band  center  should  be  increased 
for  producing  stronger  Ag-0  interactions,  leading  to  easier  0-0 
bond  breaking  and,  consequently,  enhancing  the  ORR  kinetics. 

In  a  previous  work  [21],  the  ORR  was  investigated  on  dis¬ 
persed  Ag-Pt/C  alloys  having  the  particles  covered  by  a  thin 
Ag-rich  surface  layer,  so  that  the  participation  of  the  Pt  atoms 
in  the  electrocatalysis  of  the  ORR  is  negligible.  It  was  observed 
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that  the  activity  of  the  silver  atoms  in  the  Ag-rich  surface  layer 
of  the  bimetallic  Ag-Pt/C  particles  is  considerably  higher  than 
that  of  the  silver  atoms  in  Ag/C.  This  increased  activity  was  con¬ 
sidered  a  consequence  of  a  high  interaction  of  adsorbed  oxygen 
with  Ag  on  the  Ag-Pt/C  particles,  facilitating  the  rupture  of  the 
0-0  bond  and  increasing  the  ORR  kinetics. 

Bard  and  co-workers  [22]  have  designed  several  binary 
and  ternary  electrocatalysts  for  the  ORR  in  acid  media,  con¬ 
sisting  of  combinations  of  M-Co,  with  M  =  Pd,  Au  and  Ag. 
The  electrocatalytic  activity  of  these  materials  was  examined 
using  the  scanning  electrochemical  microscopy  technique.  The 
results  have  shown  that  the  addition  of  Co  to  Pd,  Au  and  Ag 
clearly  decreased  the  ORR  overpotentials.  The  combinations 
that  exhibited  enhanced  electrocatalytic  activity  were  then  exam¬ 
ined  as  carbon-supported  metal  particles  on  a  rotating  disk  elec¬ 
trode.  The  polarization  curves  showed  excellent  agreement  with 
the  results  on  smooth  electrodes,  with  Pd-Co/C  and  Ag-Co/C 
exhibiting  higher  activities  when  at  an  atomic  ratio  of  80:20  of 
M:Co.  The  authors  have  explained  the  catalytic  enhancement 
assuming  a  simple  mechanism,  through  which  one  metal  breaks 
the  0-0  bond  of  molecular  O2,  and  then  the  adsorbed  atomic 
oxygen  atoms  migrates  to  the  other  metal,  where  the  electrore¬ 
duction  step  takes  place. 

In  this  work,  the  oxygen  reduction  reaction  was  studied  on 
bimetallic  Ag  and  Co  particles  dispersed  on  carbon,  in  alkaline 
media.  Ag/C  and  Ag-Co/C  (atomic  ratios  of  3:1  and  1:3  Pt:Co) 
were  synthesized  based  on  chemical  reduction  of  the  precursor 
metal  salts,  using  sodium  borohydride.  The  physical  charac¬ 
terization  of  the  materials  was  carried  out  using  transmission 
electron  microscopy  (TEM)  and  X-ray  diffraction  (XRD).  The 
electrochemical  characteristics  were  obtained  by  cyclic  voltam¬ 
metry  and  steady  state  polarization  curves.  The  catalytic  activity 
for  the  ORR  was  analyzed  considering  the  changes  of  the  Ag 
properties  introduced  by  Co. 

2.  Experimental 

The  electrocatalysts  were  Ag  and  Ag-Co  dispersed  on  carbon 
(Ag/C  or  Ag-Co/C),  20wt.%  metal/C.  The  bimetallic  particles 
were  home-made  with  different  nominal  atomic  ratios,  ranging 
from  pure  Ag,  Ag:Co  3:1,  Ag:Co  1:3  to  pure  Co/C.  These  were 
prepared  by  simultaneous  reduction  of  the  precursor  metal  salts 
Ag(NOr)2  and  Co(N03)2-2H20  (Merck).  The  reduction  process 
was  carried  out  at  60  °C  by  drop  wise  addition  of  the  precursor 
solution  onto  a  high  surface  area  carbon  powder  (Vulcan  XC- 
72R)  slurry,  which  was  prepared  by  suspending  carbon  powder 
in  ultra  pure  water  (Millipore)  and  ultrasonic  ally  blending  for 
10  min.  This  is  followed  by  drop  wise  addition  of  an  excess  of  a 
sodium  borohydride  (NaBH4)  solution,  for  reduction  a  precipi¬ 
tation  of  the  precursor  metal  particles.  The  resulting  precipitates 
were  filtered  and  dried  at  60  °C. 

The  composition  of  the  catalysts  was  confirmed  by  energy 
dispersive  X-ray  analysis  (EDX — LEO  model  440).  Transmis¬ 
sion  electron  microscopy  analyses  were  carried  out  using  a 
Philips  CM  120  microscope.  Particle  size  and  phase  character¬ 
izations  were  carried  out  by  TEM  with  dark  field  observations 
and  selected  area  electron  diffraction  pattern  (SAEDP).  X-ray 


diffraction  (XRD — RIGAKU  model  RU200B)  measurements 
were  carried  out  in  the  29  range  from  10°  up  to  100°  and  using 
Cu  Ka  radiation  (with  a  scan  rate  of  2°  min- 1 )  for  physical  prop¬ 
erties  determination  such  as  lattice  structure  and  crystallite  size. 
The  average  crystallite  size  of  the  Ag  particles  was  estimated 
using  the  Ag  (111)  peak  of  the  Ag  diffraction  pattern  using  the 
Sherrer  equation  [23]. 

The  working  electrodes  were  metal/C  catalysts  deposited  as 
an  ultra  thin  layer  over  a  pyrolitic  graphite  disk,  5  mm  diameter 
(0. 196  cm2),  of  a  rotating  ring/disk  electrode  (RRDE).  The  ultra 
thin  layers  were  prepared  starting  from  an  aqueous  suspension 
of  2.0mgmL-1  of  the  metal/C  produced  by  ultrasonically  dis¬ 
persing  in  pure  water  (Millipore)  [24],  A  20  |xL  aliquot  of  the 
dispersed  suspension  was  pipetted  on  the  top  of  the  pyrolitic 
graphite  substrate  surface.  After  the  evaporation  of  water,  in  a 
low  vacuum  condition  at  room  temperature,  20  p.L  of  a  diluted 
Nafion  solution  (5%,  Aldrich)  were  pipetted  on  the  graphite  disk 
surface  in  order  to  attach  the  catalytic  particles  on  the  RRDE 
electrode  substrate,  and  after  that,  dried  under  low  vacuum.  Right 
after  preparation,  the  electrodes  were  immersed  into  de-aerated 
l.OmolL-1  KOH  electrolyte. 

A  large  area  platinum  screen  served  as  counter  electrode 
and  an  Hg/HgO  (KOH  1.0  mol  L-1  KOH)  system  was  used 
as  the  reference  electrode.  All  the  experiments  were  carried 
out  in  l.OmolL-1  KOH  electrolyte,  prepared  from  high  purity 
reagents  (Merck)  and  water  purified  in  a  Milli-Q  (Millipore) 
system.  Owing  to  slight  contamination  from  the  Nafion  solu¬ 
tion,  the  electrode  potentials  were  cycled  several  times  between 
—0.88  and  0.55  V  versus  Hg/HgO  in  order  to  produce  a  clean 
catalyst  surface.  To  evaluate  the  ORR  kinetic  parameters,  steady 
state  polarization  measurements  for  the  oxygen  reduction  were 
carried  out  in  a  rotating  ring/disk  electrode  in  saturated  oxygen 
conditions  by  stair  step  polarization  technique,  point-by-point 
using  a  step  of  20  mV  and  30  s  step-1,  at  several  rotation  rates. 
In  this  system,  the  ring  electrode  (gold)  was  employed  to  sen¬ 
sor  the  HO2-  produced  in  the  working  disk  electrode.  This  was 
made  measuring  the  magnitude  of  the  HO2-  oxidation  current  at 
a  constant  potential  of  0.1  V  versus  Hg/HgO,  where  the  oxygen 
reduction  currents  are  negligible.  All  experiments  were  con¬ 
ducted  at  room  temperature  (25  ±  1  °C),  using  an  AUTOLAB 
(PGSTAT30)  potentiostat. 

3.  Results  and  discussion 

3.1.  Physical  properties  of  the  Ag-Co/C  bimetallic  particles 

Figs.  1  and  2  show  the  bright  field  TEM  images  of  Ag/C  and 
Co/C  samples,  respectively.  Fig.  1  shows  Ag/C  particles  with 
rounded  shape  contrast,  with  crystallite  size  distribution  in  the 
range  of  30-200  nm.  Fig.  2  shows  Co/C  particles  with  rounded 
and  elongated  shapes  and  particle  size  distribution  in  the  order 
of  50  nm.  The  SAEDP  of  this  area  indicates  the  presence  of  a 
cubic  phase  of  C03O4  [25].  The  TEM  (a)  bright  and  (b)  dark 
field  images  of  the  Ag-Co/C  1:3  sample  with  its  corresponding 
(c)  SAEDP  are  shown  in  Fig.  3.  The  dark  field  image  shows  two 
different  types  of  nanostructured  morphologies:  first,  particles 
with  elongated  shape  and  particles  sizes  close  to  8  nm;  second, 
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Fig.  1.  Bright  field  TEM  images  of  the  Ag  supported  on  Vulcan  carbon  XC-72 
catalyst,  deposited  on  an  on  amorphous  carbon  film. 

particles  with  rounded  shape  and  sizes  in  the  range  of  30-70  nm. 
The  SAEDP  of  these  areas  indicates  the  presence  of  a  cubic  of 
C03O4  phase.  It  is  important  to  mention  that  the  larger  particles 
in  the  dark  field  TEM  images  do  not  diffract  the  X-ray,  proba¬ 
bly  because  they  are  agglomerated  of  catalyst  particles  covered 
by  a  thin  layer  of  carbon  or  they  are  just  agglomerates  of  car¬ 
bon  particles.  It  is  important  to  mention  that,  in  all  samples,  the 
particles  were  homogeneously  dispersed  throughout  the  carbon 
substrate,  as  observed  by  imaging  other  regions  of  the  samples. 

Fig.  4  presents  the  XRD  patterns  for  the  different  synthe¬ 
sized  silver-cobalt  materials.  The  XRD  patterns  indicate  that 
all  silver-cobalt  electrocatalysts  present  the  face  centered  cubic 
(fee)  structure  of  silver  [25].  There  is  no  shift  in  the  reflec¬ 
tion  angles,  with  respect  to  Ag/C,  indicating  a  negligible  cobalt 
insertion  on  the  Ag  lattice.  The  results  also  indicate  a  phase  seg¬ 


Fig.  2.  Bright  field  TEM  images  of  the  Co  supported  on  Vulcan  carbon  XC-72 
catalyst,  deposited  on  an  on  amorphous  carbon  film.  Inset:  selected  area  electron 
diffraction  pattern  (SAEDP). 


regation  of  cobalt  mainly  as  C03O4  and,  into  lower  extent,  of 
C02O3  for  the  bimetallic  Ag-Co/C  catalysts.  The  peak  shoul¬ 
der  at  ca.  36°,  observed  for  all  samples,  is  due  to  the  presence 
of  boron  oxide,  which  comes  from  the  reducing  agent  NaBtLt 
[25].  XRD  results  were  analyzed  using  the  Scherrer  equation. 
The  mean  crystallite  sizes  estimated  for  the  Ag/C,  Ag-Co/C  3:1 
and  Ag-Co/C  1:3  catalysts  resulted  in  24.1,  20.7  and  18.2nm, 
respectively. 

3.2.  Electrochemical  characteristics 

Fig.  5  shows  the  cyclic  voltammogram  (CV)  profiles  for  the 
silver-cobalt  materials,  compared  to  those  obtained  for  Ag/C, 
Co/C  and  bulk  Ag  (inset).  As  can  be  seen,  the  oxide  region  is 
very  prominent  for  the  silver  materials,  with  the  CV  clearly  pre¬ 
senting  only  the  Ag  features  [26-30].  The  anodic  peaks  located 
in  the  range  of  0.2-0.4  V  are  related  to  the  formation  of  AgiO 
layers,  and  the  cathodic  peak  at  around  0.15  V  is  assigned  to 


Fig.  3.  (a)  Bright  field,  (b)  dark  field  TEM  images  and  (c)  selected  area  electron  diffraction  pattern  (SAEDP)  of  the  Ag-Co/C  1:3  (atomic  ratio)  supported  on  Vulcan 
carbon  XC-72  catalyst,  deposited  on  an  amorphous  carbon  film. 
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Fig.  4.  X-ray  diffraction  (XRD)  patterns  for  the  Ag/C,  Ag-Co/C  3:1  and  1:3 
catalysts. 


the  reduction  of  Ag20  back  to  metallic  silver.  The  comparison 
between  the  CV  curves  shows  a  shift  to  the  cathodic  direction  of 
the  silver  oxide  reduction  peak  position  with  the  increasing  of  the 
Co  content  in  the  Ag-Co/C  catalysts.  This  phenomenon  shows 
a  stronger  interaction  between  adsorbed  oxygenated  species  on 
the  Ag-Co  compared  to  that  on  pure  Ag.  The  presence  of  cobalt 
in  the  catalysts  is  evident  only  for  Ag-Co/C  1 :3  and  Co/C  by  an 
oxidation  peak  located  around  0. 1  V  versus  Hg/HgO. 

Steady  state  polarization  curves  for  the  ORR  and  the  cur¬ 
rents  for  the  H02_  oxidation  in  the  ring  obtained  at  several 
rotation  rates  for  the  Ag/C  catalyst  are  shown  in  Fig.  6.  The 
expected  increase  of  the  limiting  diffusion  current  density  in  the 
disk  (Fig.  6b)  is  observed  as  a  function  of  the  rotation  rate.  On  the 
other  hand,  the  ring  response  (Fig.  6a)  clearly  denotes  formation 
of  H02-  as  an  intermediate  of  the  ORR  [31].  Fig.  7  compares 


Fig.  5.  Cyclic  voltammograms  for  the  Ag/C,  Ag-Co/C  and  Co/C  catalysts  in  N2 
saturated  l.OmolL-1  KOH  electrolyte  at  0.1  V  s-1. 
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£  /  V  vs.  Hg/HgO 

Fig.  6.  Steady  state  polarization  curves  at  different  rotation  rates  for  the  ORR  on 
Ag/C  catalyst  electrode  in  O2  saturated  l.OmolL-1  KOH  electrolyte,  (a)  Ring 
current  density  (per  geometric  area)  and  (b)  disk  current  density  (per  geometric 
area). 

the  ring/disk  results  at  1600rpm  for  the  different  electrocata¬ 
lysts.  The  result  for  a  Pt/C  catalyst  is  included  for  comparison. 
It  is  noted  that  the  ORR  limiting  current  densities  for  the  Ag- 
based  catalysts  are  higher  than  that  for  Vulcan  carbon,  and  lower 
than  that  for  Pt/C.  Also,  the  bimetallic  catalysts  present  slight 
higher  limiting  current  densities  in  relation  to  Ag/C. 

The  disk  polarization  data  at  several  rotation  rates  for  each 
catalyst  were  used  to  construct  Levich  curves,  as  shown  in  Fig.  8. 
It  is  seen  that  the  Levich  plots  are  straight  lines  with  different 
slopes,  confirming  that  the  number  of  electrons  ( n )  involved  in 
the  ORR  is  dependent  of  the  electrocatalyst  material  but  inde¬ 
pendent  on  the  rotation  rate  [32].  Fig.  8  also  shows  that  the 
intercepts  (w;l/2  — >  0)  of  the  Levich  lines  are  not  exactly  zero 
as  predicted  by  Eq.  (1),  but  rather  they  assume  values  close  to 
0.2-0.4mAcm"2.  These  must  correspond  to  current  contribu¬ 
tions  not  included  for  the  derivation  of  Eq.  (1),  or  represent  a 
deviation  of  the  behavior  not  predicted  by  this  equation.  Values 
of  n  were  calculated  from  the  slope  of  the  Levich  lines  for  all 
catalysts  using  Eq.  (1): 

id  =  0.620nFADl/3m1/2v~l/6C Jjj  (1) 

where  iL\  is  the  limiting  diffusion  current  density,  F  the  Faraday 
constant,  Do  the  oxygen  diffusion  coefficient,  m  the  rotation 
rate  in  rpm,  u  the  kinematic  viscosity  of  the  solution,  and  Cq 
is  the  oxygen  solubility  in  the  electrolyte.  These  calculations 
were  made  taking  the  Levich  plot  for  the  60%  Pt/C  catalyst  in 
the  same  medium  as  reference,  and  assuming  n  =  4  in  this  case 
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Fig.  7.  Steady  state  polarization  curves  for  the  ORR  on  the  Vulcan  carbon  pow¬ 
der,  Co/C,  Ag/C,  Ag-Co/C  and  Pt/C  catalysts  in  KOH  l.OmolL-1  at  25 °C. 
(a)  Ring  current  density  (per  geometric  area)  and  (b)  disk  current  density  (per 
geometric  area).  a>=  1600rpm. 

[32],  In  all  cases  in  Fig.  8  at  higher  electrode  rotation  rates,  as 
the  diffusion  is  fast,  the  rate-determining  step  may  suffer  from 
the  influence  of  the  kinetic  control.  So,  the  last  points  for  all 
electrodes  may  not  follow  the  Levich  equation.  Thus,  if  one  takes 
the  lower  rotation  rates,  a  slight  increase  of  the  Levich  slope  for 
Ag-Co/C  compared  to  Ag/C  can  be  noted.  Although  very  small, 


Fig.  8.  Levich  plots  for  the  ORR  on  the  Ag/C  and  Ag-Co/C  catalysts  compared 
to  that  obtained  on  Vulcan  carbon  and  60%  Pt/C  in  KOH  l.OmolL-1. 


an  increase  can  be  noted  in  the  slope  of  the  Levich  curves  for  the 
Ag-Co/C  compared  to  Ag/C.  The  calculated  number  of  electrons 
resulted  2.7  for  Ag/C,  and  2.9  and  3.0  for  Ag-Co/C  3: 1  and  1:3 
materials.  The  slight  increase  in  the  number  of  electrons  for  Ag- 
Co/C  is  also  evidenced  in  the  polarization  curves  presented  in 
Fig.  7,  which  show  an  increase  in  the  limiting  density  current  for 
Ag-Co/C  and,  consequently,  decreasing  ring  current  signal.  In 
the  Co/C  and  Ag-Co/C  catalysts,  it  is  evident  that  the  Co  atoms 
are  mainly  in  the  form  of  C03O4  and,  into  a  lower  extent,  in 
the  form  of  C02O3.  Many  authors  [33-36]  have  demonstrated 
that  oxides  and  mixed  oxides  of  transition  metals  are  reasonable 
electrocatalysts  for  the  ORR.  In  Co  spinel  oxides,  like  C03O4, 
the  O2  reduction  in  alkaline  media  proceeds  mainly  through  the 
4-electrons  pathway,  while  in  lower  valence  oxides  (NiO,  CoO 
or  their  solid  solutions,  C02O3)  the  reaction  proceeds  through  the 
2  x  2-electons  pathway,  with  formation  of  HO2-  as  intermediate 
[36].  In  the  present  work,  the  polarization  curve  for  the  Co/C 
material  presented  in  Fig.  7  does  not  show  a  total  4-electrons 
pathway,  as  evidenced  by  the  lower  limiting  current  compared 
to  that  for  the  Pt/C  catalyst.  As  further  discussed  below,  this  is 
probably  due  to  the  participation  of  the  carbon  particles  and  of 
the  C02O3  phase  present  on  the  Co-oxide  segregated  phases,  as 
evident  from  the  XRD  results,  in  the  overall  oxygen  reduction 
process. 

Previous  works  have  shown  that  on  alkaline  solutions,  the 
ORR  occurs  mainly  through  the  4-electron  mechanism  in  bulk 
Ag,  and  the  2-electron  process  in  the  Vulcan  carbon  [32,37].  In 
the  present  work,  Fig.  7  shows  that  the  onset  potentials  for  the 
ORR  on  silver  and  on  silver-cobalt  bimetallic  particles  are  close 
to  that  for  Co/C  and  the  Vulcan  carbon.  So,  it  is  highly  possible 
that  for  the  Ag/C  and  Ag-Co/C  particles  the  reaction  occurs 
in  parallel  on  C03O4  and  Ag  sites,  following  the  4-electrons 
pathway,  and  on  carbon  and  on  the  C02O3  phase,  following  the 
2-electrons  pathway: 

O2  +  2e“  +  FLO  — >  H02“  +  OH-  (carbon,  C02O3)  (2) 

02  +  4e“  +  2H20  ->  40FT  (Ag,  C03O4)  (3) 

The  size  of  the  Ag-based  catalyst  particles  are  relatively  larger 
compared  to  that  for  Pt/C  (3.0  nm).  This  reduces  the  surface  area, 
resulting  in  a  high  contribution  of  the  carbon  support  on  the  2- 
electrons  pathway  of  the  ORR  electrocatalysis.  As  a  balance, 
the  number  of  electrons  close  to  3.0  obtained  from  the  Levich 
plots  for  all  Ag-based  catalysts  indicates  that  only  ca.  50%  of  the 
total  process  is  catalyzed  by  the  Ag  and/or  C03O4  sites.  How¬ 
ever,  another  fact  which  may  influence  the  number  of  electrons 
involved  in  the  ORR  is  the  presence  of  impurities  in  the  elec¬ 
trolyte.  For  Ag,  it  was  shown  [37]  that  the  4-electron  pathway  is 
switched  to  the  2-electron  route  due  to  the  presence  of  impurities 
in  the  electrolyte,  because  they  difficult  the  bridge- adsorption  of 
O2  on  the  catalyst  sites.  In  the  present  work  no  evidence  of  such 
an  effect  was  found. 

The  electrocatalytic  activity  for  the  ORR  in  the  different  ultra 
thin  layer  electrodes  can  be  more  adequately  compared  in  terms 
of  mass-transport  corrected  Tafel  plots  [32].  These  results  are 
presented  in  Fig.  9  for  plots  built  with  the  currents  normalized 
by  the  mass  of  metal  (Fig.  9a),  mass  of  Ag  (Fig.  9b)  and  by  the 
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Fig.  9.  Mass-transport  corrected  Tafel  plots  for  the  ORR  on  Ag/C  and  Ag-Co/C  catalysts  with,  (a)  currents  normalized  per  mass  of  metal  in  the  catalyst  layer.  Inset: 
result  obtained  for  Co/C.  (b)  Currents  normalized  per  mass  of  Ag  in  the  catalyst  layer,  (c)  Currents  normalized  per  metal  surface  area  in  O2  saturated  l.OmolL-1 
KOH  electrolyte.  a>=  1600  rpm. 


surface  area  of  the  catalyst  layer  (Fig.  9c)  as  determined  from 
the  crystallite  sizes  obtained  by  XRD  [38].  For  the  Co/C  and  Ag- 
Co/C  catalysts,  two  different  Tafel  linear  regions  are  observed, 
with  slopes  close  to  45-90  and  50-90  mV  dec- 1  for  low  and  high 
overpotentials,  respectively.  The  presence  of  two  Tafel  slopes 
would  be  explained  in  terms  of  the  coverage  of  adsorbed  oxy¬ 
gen,  as  in  the  case  of  platinum,  which  can  be  described  by  the 
Temkin  isotherm  (high  coverage)  at  low  overpotentials  and  the 
Langmuir  isotherm  (low  coverage)  at  high  overpotentials  [39]. 
For  the  Ag/C  catalyst,  only  one  linear  region  is  clearly  noted 
in  Fig.  9  with  a  slope  close  to  70  mV  dec-1.  This  would  show 
that  the  ORR  occurs  following  only  one  isotherm.  It  must  be 
mentioned  that,  in  all  cases,  as  the  onset  potentials  of  the  ORR 
on  the  Ag-based  catalysts  are  close  to  that  for  Vulcan  carbon  or 
Co/C,  the  Tafel  diagrams  can  be  interpreted  in  terms  of  a  com¬ 
bined  participation  of  the  carbon,  cobalt  oxides  and  silver  in  the 
catalysis  of  the  ORR. 


Fig.  9a-c  evidence  higher  catalytic  activities  for  the  Ag-Co/C 
materials  compared  to  Ag/C,  even  for  the  currents  normalized 
by  the  crystallite  surface  area  (Fig.  9c),  but  the  effect  is  little 
pronounced.  Since  the  Ag-Co/C  bimetallic  particles  are  formed 
by  segregated  phases,  and  very  low  quantity  of  Co  atoms  are 
inserted  in  the  Ag  metal  lattice  structure,  the  increase  in  the 
O2  reduction  kinetic  cannot  be  assigned  to  changes  in  the 
Ag  lattice.  A  hypothesis  for  explaining  the  enhanced  ORR 
electrocatalysis  in  acid  media  on  the  Ag-Co/C  compared  to 
Ag/C  material  was  discussed  by  Bard  and  co-workers  [22], 
This  hypothesis  assumes  a  simple  mechanism  in  which  one  of 
the  metals  (Co)  is  responsible  for  breaking  the  0-0  bond;  then 
the  adsorbed  atomic  oxygen  atoms  migrate  to  the  other  metal 
(Ag),  where  the  electroreduction  step  takes  place.  However, 
an  important  result  for  clarifying  this  discussion  is  observed 
in  the  cyclic  voltammograms  in  Fig.  5,  where  it  is  noted  that 
the  silver  oxide  reduction  peak  is  shifted  to  lower  potentials  for 
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Ag-Co/C  catalysts,  compared  to  Ag/C,  indicating  a  stronger 
adsorbed-oxygen  interaction  with  the  Ag  surface  sites.  These 
results  suggest  that  an  increased  activity  of  the  Ag  atoms 
in  the  Ag-Co/C  materials  for  the  ORR  is  due  to  the  higher 
interaction  of  adsorbed  oxygen  with  Ag.  This  facilitates  the 
0-0  bond  splitting,  increasing  the  ORR  kinetics  compared 
to  Ag/C. 

4.  Conclusions 

Silver-cobalt  bimetallic  particles  dispersed  on  a  carbon  pow¬ 
der  were  investigated  as  electrocatalysts  for  the  ORR  in  alkaline 
media;  this  is  in  contrast  to  previous  work  where  acid  electrolyte 
was  employed.  TEM  measurements  showed  a  heterogeneous 
crystallite  size  distribution  and  indicated  a  segregation  phase  of 
cobalt  mainly  as  C03O4  for  the  bimetallic  Ag-Co/C  catalysts. 
The  characterization  of  the  materials  by  XRD  clearly  suggest  a 
negligible  decrease  in  the  Ag  fee  lattice  parameter,  which  was 
ascribed  to  a  negligible  Co  insertion  into  the  Ag  structure;  the 
presence  of  a  C03O4  segregated  phase  in  the  Ag-Co/C  bimetallic 
particles  was  also  evident. 

Cyclic  voltammetry  results  showed  a  shift  to  the  cathodic 
direction  of  the  silver  oxide  reduction  peak  positions  for  the 
Ag-Co/C  catalysts,  compared  to  Ag/C.  This  was  associated  with 
higher  interaction  of  the  adsorbed  oxygen  species  with  Ag  on 
the  Ag-Co/C  materials,  compared  to  that  on  Ag/C.  Levich  plots 
obtained  from  rotating  disk  electrode  data  for  Ag/C  and  Ag- 
Co/C  have  shown  that  the  number  of  electrons  involved  in  the 
ORR  slightly  increased  with  increasing  Co  content.  This  was 
associated  with  a  parallel  route  for  the  reaction  pathways:  on  Ag 
and  on  the  C03O4  sites,  following  the  4-electron  pathway,  and 
on  carbon  and  on  C02O3  sites,  following  the  2-electron  pathway. 
The  analysis  of  the  polarization  results  suggested  higher  activity 
for  the  ORR  on  Ag-Co/C  materials  compared  to  Ag/C,  but  the 
effect  is  hardly  pronounced.  This  was  ascribed  to  a  stronger 
interaction  of  oxygen  with  the  Ag  atoms,  which  facilitated  the 
0-0  bond  splitting,  increasing  the  ORR  kinetics. 
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